Abstract The aim of this study is to investigate the possibility of graphene oxide (GO) as an alternative adsorbent for aniline removal from aqueous solution. Adsorption properties of GO for aniline removal were regularly investigated, including pH effect, adsorbent dose, temperature, contact time and initial concentration. The adsorption amount of aniline decreased with increasing pH. The experimental data were evaluated by Langmuir, Freundlich, Temkin and Harkins-Jura models in order to describe the equilibrium isotherms. Equilibrium data fitted well to the Langmuir model. The kinetic parameters achieved at different concentrations were analyzed using a pseudo firstorder, pseudo second-order kinetic equation and intra-particle diffusion model. The experimental data fitted very well the pseudo second-order kinetic model. Thermodynamic parameters (free energy change, enthalpy change, and entropy change) announced that the removal of aniline from GO was endothermic and spontaneous. The study showed that GO could be used as an efficient adsorbent material for the adsorption of aniline from aqueous solution. 
Introduction
The water is the most valuable natural resource, and because of its importance, it has become a dominant cause of concern.
It has obtained more and more attention; the world became a foul with the maintenance and water purification. The petroleum refineries and the industries of plastics and paint are noxious sources for the sewage, which have the potential to destroy the receiving waters. Therefore, it is necessary to install convenience center for the treatment of the wastewater in places where these industries are posited.
Aniline is an important chemical compound which is well known for its abroad applications in the manufacture of dyestuffs, rubbers, pesticides, plastics and paints. However, the aniline-laden wastewater discharged from these industries has become a severe environmental difficulty as well. It is highly toxic and has adverse influences on human health and lentic life [10, 4] . Moreover, aniline can be easily adsorbed in foulings, the fact that they can expand its insistence in the aquatic environment [24] . There are many processes, including biodegradation [21] , oxidation by ozone [9] , ligand exchanger [11] , adsorption [30] and some other processes that can be used for the removal of aniline from wastewater. These processes can decompose or remove aniline from wastewater.
The adsorption phenomenon is probably the most widely employed manner in separation method [26] , waste effluents treatment [23] , refrigeration, environmental control and life support device in spacecraft, and obviously heterogeneous catalysis [8] .
Graphene, a new carbon nanomaterial, has unique physical, chemical, electrical and mechanical properties [20, 19, 22, 3] and is adequate for preparing nanodevices and advanced composite materials [2, 27, 25] .
Recently, graphene and graphene oxide were used as adsorbents to remove methyl orange [14, 15, 16] , naphthalene [31, 32, 33] , 1-naphthol [31, 32, 33] , arsenic [5] , fluoride [14, 15, 16] , heavy metals from aqueous solutions, and showed high adsorption amount and fast adsorption rates [6, 7, 29, 31] .
In this study, the removal characteristics of aniline were investigated using graphene oxide as the adsorbent. The adsorption isotherms and kinetics of the adsorbents were measured. The pH effect, adsorbent dose, temperature, contact time and initial concentration on aniline removal were also studied.
Materials and methods

Naive materials
Graphene oxide (GO) was prepared from natural graphite powder by the modified Hummers method [5] . A transmission electron microscopy (TEM, JEM-2100F HR, 200 kV) was used to characterize the size and shape of adsorbent. X-ray diffractometer (XRD) Philips X'Pert was used to characterize the adsorbent for its morphological information. Aniline (C 6 H 5 NH 2 ) (molecular weight, 93.13 g/mol) was supplied by Merck, Germany (maximum available purity). Other chemicals, bought from Sigma Aldrich Co., Germany, are of analytical grade.
Batch experiments
Batch mode adsorption studies for aniline have been carried out to investigate the effect of different parameters such as adsorbate concentration, adsorbent dose, temperature and pH. Solution containing 20 mL adsorbate and 0.05 g adsorbent was taken in 250 mL capacity conical flask and agitated at 200 rpm in water bath shaker. The initial and final aniline concentrations remaining in solutions were analyzed by a UV spectrophotometer (Varian-Cary100 Bio), monitoring the absorbance changes at a wavelength of maximum absorbance k = 280 nm. The equilibrium adsorption capacity was calculated from the relationship:
where C i and C are the initial and residual concentrations of aniline in ppm, q is the adsorption capacity in mg/g, V is the volume of aniline solution in L, and m is the adsorbent mass in g. The data analysis was carried out using correlation analysis employing least-square method and the residuals sum of square is calculated using the following equation [34] :
3. Results and discussions
Characterizations of graphene oxide
Fig . 1A shows the XRD patterns of GO. In the pattern of GO, the peak at 2u = 26.58 was no longer detected and a new broader peak appeared at 2h = 11°, demonstrated that the graphene structure with new oxygen containing groups was formed successfully by the strong oxidation reaction on the graphite. The structure of GO was characterized by TEM and indicated in Fig. 1B . The TEM image of GO also corroborated that the GO existed in the sheet-like shapes. The BET analysis of the GO yielded a specific surface area of 305.8 m 2 g À1 [14, 15, 16] . 
Effect of pH on the adsorption capacity
To study the effect of pH on adsorption, experiments were carried out in the pH range 2-10 for aniline removal. Fig. 2 shows that the removal of aniline decreased with increasing initial pH of aniline solution and maximum value was reached at pH 4.0.
As shown in Fig. 2 , adsorption turnover of aniline is high and stable under acidic and neutral pH conditions and decreases with the increase of pH value under alkaline pH conditions. This trend may be explained on the basis of the fact that at low pH, aniline molecules readily enter into the pore structure of the common reed surface [18] . Lower adsorption of aniline at alkaline pH is likely due to the presence of excess OH À ions competing with aniline for the hydrogen bond formed with water molecules coordinated with GO in interlayer.
Effect of adsorbent dosage on the adsorption capacity
The results of experiments to distinguish the effects of adsorbent dosage on aniline removal are shown in Fig. 3 and reveal that the removal turnover of aniline by the GO increased with an increase in adsorbent dosage. While a prompt increase was observed at adsorbent dosages ranging between 0.01 and 0.05 g, a plateau was seen at those ranging between 0.05 and 0.11 g. Increasing of adsorbent dosage above 0.05 g had meager effect on the increase in removal efficiency of aniline. This may be imputed to the formation of aggregates at higher solid/ liquid ratios or to sediment of particles [1] .
Effect of contact time and initial aniline concentration on the adsorption capacity
The effect of the initial aniline concentration on the removal rate onto GO at adsorbent dosage of 0.05 g is shown in Fig. 4 . It can be seen that the adsorption at different concentrations is rapid in the initial stages and gently decreases with the improvement of adsorption until the equilibrium is attained. The amount of aniline adsorbed at equilibrium (q e ) increased as the initial concentration was increased. The initial concentration provides an important driving to overcome all mass transfer resistances of the aniline between the aqueous and solid phases. Hence, a higher initial concentration of aniline will enhance the sorption process. The aniline removal efficiency decreased as the aniline concentration was increased. Fig. 4 shows that the adsorption yield gradually increases with the extension of contact time and it remained constant after adsorption equilibrium was established at about 15 min.
Effect of temperature on the adsorption capacity
Temperature is an essential parameter for the study of adsorption, as the wastewater temperature varies widely. The effect of 
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A. Fakhri temperature on the aniline uptake capacity of the adsorbent is presented in Fig. 5 . The adsorption turnover increased with temperature increasing from 298 to 328 K, indicating the endothermic nature of the adsorption reaction of aniline onto GO. The increase of adsorption turnover with increased temperature indicated that the adsorption of aniline by GO might involve not only physical but also chemical sorption. This effect may be attributed to the increase in the number of adsorption sites generated due to bond rapture.
Adsorption isotherms
Equilibrium data, generally known as adsorption isotherms, are important in the basic design of adsorption systems, and are critical in optimizing the use of adsorbents. To optimize the design of an adsorption system for removing aniline from solutions, it is essential to establish the most appropriate correlation for the equilibrium curves. Several isotherm equations are available and four important isotherms are applied to fit the equilibrium data in this study: the Langmuir, Freundlich, Temkin, and Harkins-Jura isotherms are listed in Table 1 . The correlation coefficient (R 2 ) values of the four isotherms are also listed in Table 2 . It could be consummated that the adsorption of aniline by GO, best fitted to the Langmuir isotherm equation. The fitness of the adsorption data to the Langmuir isotherm implies that the adsorption of aniline by GO is a multilayer adsorption applicable to heterogeneous surfaces. The applicability of the four isotherm's models for the present data nearly followed the order: Langmuir > Freundlich > Temkin > Harkins-Jura.
Adsorption kinetics
Several models can be used to prompt the mechanism of solute adsorption onto an adsorbent. In order to design a fast and effective model, investigations are made on adsorption rate. For the examination of the controlling mechanisms of adsorption process, such as chemical reaction, diffusion control and mass transfer, several kinetics models are used to test the experimental data.
Pseudo-first-order kinetic model
The rate constant of aniline adsorption is distinctived by the pseudo-first-order kinetic model as proposed by [13] :
Langmuir, Freundlich, Temkin and Harkins-Jura constants; n: heterogeneity coefficient; q m : maximum adsorption capacity; q e : uptake at equilibrium; C e : equilibrium concentration; b: activity coefficient related to mean sorption energy).
Isotherm model Equation Langmuir
Ce q e ¼ Figure 6 Pseudo-first-order kinetic modeling of aniline adsorption on GO. Figure 7 Pseudo-second-order kinetic modeling of aniline adsorption on GO.
where q e and q t are the amounts of adsorbate adsorbed (mg/g) at equilibrium and at any instant of time t (min), respectively, and k 1 is the rate constant of pseudo-first-order adsorption (min À1 ). The values of q e and k 1 for the pseudo-first order kinetic model were determined from the intercepts and the slopes of the plots of ln (q e À q t ) vs. t (Fig. 6) , respectively.
Pseudo-second-order kinetic model
The pseudo-second-order kinetic model, based on equilibrium adsorption, can be demonstrated in the form [12] 
where k 2 is the equilibrium rate constant of pseudo-second-order adsorption (g/(mg min)). A plot of t/q t vs. t (Fig. 7) gives a linear relationship, from which q e and k 1 can be determined from the slope and intercept of the plot, respectively.
Intra-particle diffusion
The possibility of intra-particle diffusion resistance affecting adsorption was prospected by using the intra particle diffusion model as [28] :
where q, k i and C are the amount of aniline adsorbed (mg/g) at time t (min), the intra particle diffusion rate constant (mg/ g min 1/2 ) and the intercept, respectively (Fig. 8) .Values of C give an idea about the thickness of the boundary layer. According to this model, the plot of uptake should be linear if the intra particle diffusion is twisted in the adsorption process and if these lines pass through the origin then the intra particle diffusion is the rate controlling step [24] .Furthermore the correlation coefficients (R 2 ) for the pseudo second-order kinetic model fits are 1.00, much higher than the correlation coefficients derived from other model fits (Table 3) . Given the good agreement between model fit and experimentally observed equilibrium adsorption turnover in addition to the large correlation coefficients, it suggests that aniline adsorption followed pseudo second-order kinetics.
Thermodynamic parameters
The thermodynamic parameters such as Gibbs free energy change (DG 0 ), enthalpy (DH 0 ) and entropy (DS 0 ) were computed using the following equations:
where K C is the distribution constant for adsorption. The Gibb's free energy (DG 0 ) for adsorption of aniline by GO obtained at all temperatures is listed in Table 4 . DH 0 and DS 0 were determined from the slope and intercept of the plot of DG 0 versus T and are also tabulated in Table 4 . The values of DG 0 were negative at all temperatures and the negative values confirm the feasibility of the process and the spontaneous nature of aniline adsorption. The increase of the absolute value of DG 0 as temperature rises indicates that the affinity of aniline on GO was higher at high temperature. The positive value of DH 0 confirms that the adsorption reaction is endothermic. The positive value of DS 0 reflects the affinity of the GO for aniline, and an increased randomness at the solid-solution interface during adsorption [17] . 
Conclusions
The aniline adsorption performance of GO was investigated in collectivity with adsorbent dosage, temperature and pH. Temperature and pH were found to have a great efficacy on the adsorption process. The strongest adsorption turnover was found in the solution at the acidic pH. Furthermore, the experimental data were best explained by the Langmuir isotherm model, and the adsorption kinetics of GO can be modeled successfully by pseudo-second-order rate equation. Thermodynamic parameters such as Gibbs free energy (DG), enthalpy change (DH) and entropy change (DS) for aniline adsorption were found to be negative, positive, and positive, respectively. Therefore, the high adsorption turnover and excellent reusability demonstrate that GO has important potential as an adsorption material to remove aniline from aqueous solutions.
